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ABSTRACT

Before broader concerts of Tactical Mobility are more satisfactorily
defined, a definition of a narrower concept of Mechanical Mobility must
be established within the realm of aprlied mechanics. This also is
needed to guide the engineering progress ir ‘he develormeit of more mobile
vehicles, and in a physical evalunation of soil-vehi:le systems,

MMMN«: ontinire mechanical perfor=
mances of vehicles within the given spectra of terrain conditions by

using operations research techniques;,. Such an optimised value of
soil-vehicle system has besn propou}o & definition of mochanical

mobility within that system, 7

‘,J'ho ‘pronoud procedure leads directly to the establishment of
mathematical models of mobility within the given system, which in turn
weans that lengthy and costly proving ground techninues requiring prior
development of full pledged vehicles may be substituted with much
faster and cheaper computing techniques for mobility wnluatioﬁ of
vehicle concepts "fy-sbebu-reseondi . ”

Y N—

This erables one to evaluate mobilities of all the conceivable soil-
vehicle systems pertaining to the given project, which presently is
physically imponsible because of cost and time involved in building and
testing experimental models. Thus consideradble rationmalization and
economy of research and development policies may be expscted in lLand Lo-
somotion when using the proposed method of mobility definition,

To foster this approach further r2finement of oresently available
principles of the wechanics of land locomotion wmust be pursued at an

accelerated rate,
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OPERATICHAL DEFINITIONS
OF MECHANICAL M(BILITY. OF MOTOR VEHICLES

PROBLIN

The »~oblem is to provide a working method for establishing a
practical definition of vehicle mobility, particularly in off=-the-road
operation, with ths tltimate purpose of using it as a quantitative
yardstick of ENOINEFERING PROGRESS in VENICLE I'ESION and SOIL-VEHICLE
SYSTEMS EVALUATION,

BACKOROUND

7:th the vahicle user and designer look for more mobility, While
both wree that more mobile land r3hiclss are imperative today, they
often cannot agree »tiat mobility meuns,

_ It appears that the _difficulty stems from & duality of viewpoints
renresented by boih sides, Mobility in the current military-technical
parliance embodies not only engineering but also tactical values (1, 2).
A rationalization of such a concept has been extremely difficult 2s many
attempts to do 80 have domonstrated (3,4,5,6,7).

These attempts have further corplicated the problem, since they
have stressed the user's aspect of mobility as defined by subjective
and empirical factors influenced by the experience of sach writer (4,8,9).
Tho sclentific viewpoint which would guide engineering progress by means
of the baxic principles of mechardes, or a genersl theory of land loco-

motion, appears to be lagging as indicated by an almost cceplete lsck
of pertinant literature,

Withont minimising the necessity of satisfying the mobility require~




ments sterming from practical users experience, one must agrea that a
compromise made predominantly for that purpose does not cont in the
seeds of a complete solution of the problem, To the contrary, it tends
to freese the conventional and the traditional which may be clearly
soon in the current dovelopment trends of military motor vehicles,

This seems to indicate that an objsctive and rigorous definition
. of physical mobility should be introduced with the proper emphasis in
order to establish a clear-cut engineering aspect of the protlem within
any broader definition of tactical mobility,

It 18 believod that without a prior definition of what may be
called the narrow concept of MECHANICAL MOBILITY, no such broader
and more general concept of TACTICAL MOBILITY may ever be expressed in
& more satisfactory way than it is possible today, In addition, it appears
quite certain that purely engincering progress in vehicle dosign and
evaluation cannot be planned without a strict formulation of mobility
concept based solely on t .» mechanics of the soil-vehicle relstiochip,

THE SCOPE AND THE NATURE OF THE PROPOSED MCRILITY CONCEPT

Whenever mobility is dofived in such terms as a sucoesr againat
"purely nimerical superiority,® for instance, its meaning becomes of
unlinited scope. It may include a genercl clas: .{ values pertaining
to ths morale, training decision, human bohnv.:lor, etc,, besides & quantitat-
ive class of engineering values related to t-action, flotatinn, thrust,
fuel economy, maneuverability, eto. To start wit.: the solution of such
& broad pro' em, as mentioned before, only the second aspect of the




general wotilivy corcept rn o e wotyeed tisst, Thus the = waildered
Jefinitlon of kechaniuat ko' (%, « 1!\ “crego the problor. rarwizning to
he qualities of the AT o7 we . = .ﬁ_!_ and cont . yeace solely on the
quantities related to the Pir3li. o' ".comction {il). Accordinsly. the
contemplated definitior. <. .urb? dv. :1'1 be exprow« zis i tawms Y
directly measurable systam . vilwem: rcoaund, foob, rwuiid, o in unite
campounded of these values, I will bo «wsivoadle an t-wws of venicle
performance or in composite terms of varicus p~rrormauces determined

on the physico-gecmetrical background of terrain-vehicle systems,

Since the cost in dollars per pound, per foot, and per second is a logical
consequence of this type of evaluation, the monetary value also may be
introduced,

The values of mobility, .hovmr, as stated above would have only
a limited degree of generalization if the unavoidable variations of
terrain, particularly in off-the-road operation,are not included,

Since the choice of routes and the infiuercze of geclopical and clim-
atological factors ie of statistical nature, t's frequency and, or the

probability of their nccurrence based on observational data
may consititue another value recded in any long range =tusy ‘1 mors
gener: i asessment of mobility and design,

Vi.i-1lity oriteria established under thesze ssaumptions will not
necssrarily aim at a selective eliminatisan ~f less successful. types of
vehic:os, for insta.ce, until only "the be~i” ~r ' +lwa;...27 vshicle
i» adomtei, tut they may aim at resolving such r.=-.ions ot "how many"
vehicles of typ* I, type II, type Ill,etc, ars runded in o.der to per-




form the given task, in the given area, with the maximum of over-all
officiency,

Only this approach may fully assess the gains and losses whenever
a single "universal” type locomotion is postulated, This procedure can-
not now be fully used in vehicle evaluation brcanss the various empirical
indices of aobility have not been based on the mechanics of soil-vehicle
relationshiys and do not alilow the construstion of mathematical models
which can be evaluated yuickly on electronic computers,

The proposed concept of mechanical mobility must embrace all of
the necessary kinds of loéamotivo performances which leads to a def-
inition of mobility besed not on a single value but on a number of pere
formance values such as speed, thrust, acceleration, weight, load,
fual ccawmriion, range of action, obstacle crossing, towing power,
buoyar.cy, form, size, eto, To arrive at a cumulative value or values
of various performances specified atove, the process of optimization as
applied in CPTRATIUNS RESEAHRCH will be used,

The optimisation may be performsd in an indefinite mumber of
ways depending on the importance of factors aingled out when defining
the cuxnlative values of mobility, There may be NO SINGLE VALUE CF
ROGILITY but an infinite mmber of values, The shoice betwean possible
definitions is bused (0T on the criterion of TRUENESS, BUT solely on
the basis of USEFULNESS of the given definition in the accomplishment
of the given task,

This eituation is not urusual, It is the only way in which all

the evaluations may be conducted., Fcr instance, soils may be character-




ized from geological, pedologicul, or civil engineering viewpoint,

Each of these evaluations embraces only those valies which are‘useful

in pursuing the activity within the given area and foregoes all the
others, Accordingly, in this paper, physical and geometrical soil valucs
pertaining to locomotion will be the only ones used,

In a broad sense, the proposed method of def’ning mobility is not
new, It has even been anplied at a number of occasions(12). The main
objective of this paper, therefore, is only a formalization of the method
in the light of the latest developments in land locomotion mechanics

- pather than a fostering of a new line of approach, Although these new

developments are in the state of "infancy," it is hoped that they con-
stitute a radical step in the rationalization of progress as they
attempt to make it less dependent on (ualitative "indices" and “factors"
of unspecified dimensions,

It thus may be stressed that in the realm of physlco-geometrical
relaticnships between soils and a vehirle there can be NO 3INGLE W joiL;,
for moti ity, There is, howaver, a possibility of the establisument
of a METHOD by means of which & desired definition of mobility may be
arrived at with the purpose of acrompiishing the particular task in

design and perlormance evaluation,

A METIOD OF PORMULATING A _DEFINITION OF MICHANICAL MOBILITY

In accerdance with the foregoing remarks, the whole problem may

now be presented as follows: To arrive at a dafinition of mechanical mobility
which can serve as ar evaluation of a specific aspect of a problem,

one must cambine pertbrmance values in a strict)y defined way. Accordingly,




g the first step is the formulation of those values, Jsome of them, such
as speed, pay-load, thrust, flotition, etc., were menticred before,
Others may be added wherever necessar:', 3i:ice all of them depend on
terrain properties, it is recessary to e«; ress them in terms of vehicle-
terrain relationships,

Assume that there are a number of vehicles I, 1I, III, etc,, and a

number of terrains Bl' 32' 83, etc., The latter are expected to represent

a typical cross suction of the terrain under consideration and have

A T Gt o b, e, it v e 1 e s

: been selected and defined in accordance with the methods of sampling
; tockniques and the mechanics of lard locomotion (11).

By using test data obtained at the proving grounds which represent
the same terrain distribution or by applying theoretical analysis,
it 1s possible to establish numbers pertaining to eich type ‘of parfor—
mance, For instance, one may finrd that vehicle I will develop speed
(Vy1)1, in terrain By, (Vi;5)1, in terrain By, etc. Vehicle II will
cruise at speeds (Vgy)11, (V42)II, etc. These valuou may be tabulated
in what may be called the GPFED HATH1A as shown below:

I N

serrain g
Vehicle By B, By
1 (Vp1)1 (Vpa)1 (Vp3)1
11 (VB 11 (V2)11 (Ve3)11
111 (Vp1d111 (Vea)dr1z (Vg3)111

In a similar way, other matrices such as those of payload, fuel con~

runption, gradeadbllity, flotation, fordability, ranse of action, time
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of maintenance, cost, etc,, miy be estidblished,
All these concelvable matrices, taken together, represent, in

accordarce with the main premiso of this paper, a "parametric” fom

of the definition of Mechanical Mobility, These ma‘rices may be optimized

ueing standard operation research techniques into a single over-all
solution,

In an oversimplified and rather trivial case, for instance, the
following uy 1llustrate the problem, Assume that averagfe fuel consumption
of vehicles I, II and III in a specific terrain B may be expressed by
mmbers quoted in the following Fuel Economy Matrix:

n | = B

® 10 15

III 7 8 10

Which vehicles should be selected for an exclusive operation in the
partiocular terrain in order to minimize the total fuel consumption in
the whole area?

Assume that the distances travelled in each terrain, By, By, and B,,
Peain unchanged between vehicles, Then the sought optimum will take
pln;eo when the sum of particular consumnrtions is a mir.mm, Taking the
minira shown_in circles on the msairix,it will be found that vehicles
I, II and I1 operating in By, B,, and By respectively produce the

minimm fuel consumpmtion of 19 units while any other selection of




vehicle types would produce a greiter fuel corsumption up to a maximum
of 35 units, Thus in this particular case, only the first two tyves of
vehicles wculd be selected and the third eliminated,

As a Mhor 1llustration aof the similar proco&uro take the foliowing
matrices of fuel consumption (f), speed (v), payload (p):

f-matrix v-matrix p~matrix
orrain

B |B2| By B)|B2|B Byl B2 |8
‘Yehie
¢ 15 ]20] 25 20115 |10 2] 2411
11 12 {15125 15115 |18 3] 3|2
11 8 11715 10117 |20 bl 413

Assume that for each terrain B), By, and By only one of vehicle
types I, 1I and 1II will be selected, and that the cargo will be re-
loaded to another v@hioh upon arriving it the terrain border point,
This may be an acceptable and economic solution if distances travelled
in esch terrain are suffivisntly ls.rgo and 1f the unloading and re-
loading of the cargo may be parformed in a ruick way > sontainer Lype
pick-up chassis equipped with hoists and quick aeting fasteners, 1f
the time lost. for switching from one vehicle to another is mgloctod;
then the total of 33 ® 27 combinations must be considered, Assuming
for the sake of simplicity that distances travelled in sach terrsin
are equal, it will be obtained:




N, -

'1 B-‘- BJ o v

I i I 60 134
1 T 11 60 17.b
I ) S I £ 8.
¢ 11 P4 55 A8
i ) 994 e s7 p LA
17 I I £7 i2.9
h ¢ ¥4 I I 53 11.2
11 II I 52 15.v
1 ) § 4 I g2 12,9
II II III L2 16.k
I b ¢ 11 ss 15,9
11 I1I ) 91 Sh 16.6
I II 11 L) 17.h
n 11 Iz b8 135
I1T I I ko 1k.h
I I I S0 116
II1 I11 II S0 14.0
II1 I I1I k3 13.8
If1 11 I 38 13.8
1 111 1L 7 189
) ¢ ¢ n III hiy 17.1
1 II II1 kS 18.0
b 8 4 I Y Sh 13.3
I1I 11 1 L5 11,3
I1I I IX 53 13.5
I IIX II 57 18.3
I 1 Iz L7 16.h

RN FENWRNWRIRN WA VRO RWEN) =ty N e

wp/t

6.23
0.58
0. T2
0.2%
.25
0.2
0.21
0.61
0.2
1.17
0.58
0.61
0.63
0,56
1.08
0.23
0.56

. 0u64

1.09
0.60
1.16
0.80
0.25
0.25
0.51
0.6
0.70

7p reprosents the payload dolivery rate snd vp/f is the payleed
delivery rate per quantity of fusl ccnsumed which should be maximised,

Ia the above ovﬁduuoc.' it was assun~d that each vehisle carries.
the minimum prylosd as restricted by the less fawrable tarrain « vol.ole

typo ecmbinetion. Far instance, paylosds (pm)1s (Ppy)rrzs a4 (ppy)rry

amsunt to 2, 4 and 3 respectively.
sccordingly for an over-sll opsration and is shomn in 1line I-IIl1-III,

wder the solumn p.

The minimum of 2 has beens selected

It results from that example that the optimum delivery of otrgo



per unit of time wiil be provided by the combination of vehicles II-III-IIX
(vp s 51.3) vhiie thy most economic cpsration which will deliver the maximum
pv/t paylozs e =1: of fusl burmed is the combinstion II-II-III

(v x p/f u 1.17.2 *he best speed belongs to the coctination of I-III.III

(v 5 18.9),

e firal cholce of "most mobile® vehicle depends on what is more
importart « fusl econcmy, dslivery rate, or speed of operation. A com=
pronise ¢an bs made easily when using the smmary matrix as previously
dlecnesed and sssuming oparational valuas othar than those ooneldered
in the definition of machanical mobility,

In a similar way the obstacle crossing ability, for instance, may
be included ir the modility definition by establishing a satrix of
mximn vidths of obstacles which may be crossed in the given terrain
by the glvea vehisla, If to this matrix, the frequency of ocourrence
of thase obstecles or the prodadbility of thair encountering 1s added,
then one may chosse the "must mobila® velizles based on the optismm
pavload, for evempls, dilivers’ per unit of time and per unit of fw,l
consumid while sonsidering the prodadbility that only the minimum per-
ceritaye of vehicles will never arrive to the destination becauss they
will B Bsald up By too wide ditehms, rivars, or streams,

The examples quoted L1lustrate that many critaria may bde choren
& o gvapeuil definition of modility., They aleo {llustrate the
IIIATIVE MERITS OF MOBILITY which depend on the performed optimisstion,
In addition, they demsnstrate that the meaning of %i:ese werits make

mnee JLLT within YEHICLE.TERRAIN STSTEM under consideration.

10




A 24111 broador scope of deiining vehicle mobility within the
terrain-vehicle 5yuteﬁ may be secn in a case when the protibility of
occurrence of changes in terrain conditions due to the geclogical climate
or other variations are considered. Ixamples of such procedure are shown
in Appendix I in two examples of mobility evaluation in which one case
is based on Time, or Speed Criterion, while the other pertains to the Cost
of moving certain payload under the assumed ter:iadn conititions,

If the distances travelled vary and/or are subliocct Lo specific
selections of routes, other criteria which may involve statisticul analjysin
must be introduced. Juch criteria have been admiribly deuscribed in a
paper by it. i, Petersen (13kbut are beyond the scope of this report.

The discussed cases were simple, In more complicated problems
the procedure will be more involved, The operations research approach
must be used in making the final decision. 1t is beyond the normal

activities of the design or test engineer as now cummonly assumed,

FMPIRIJAL AND THEORETICAL SoTABLISHMENT (i MATHICES OF PE&FURE\NCE

Gereral

As stated before, the first task in mobility evaluation is the
eatablishnent of matrices of performance within the assumed soil-vehicle
svstems, 1o this end two techiniques may be used: 1) all the pertinent
valucs may be measured on a controlled proving ground built in accordance
with astahliahed sampling techniques .in order to represent the glven
typioil area, or 2) the values may be calculated with a certain depres
of accuracy from equaticns established by the machaaics of land locomntion,

In the firast caam, tochniques for the nenniary meqauremnrts nra



availatle, Seemingly not availatle, however, are proving grounds truly
reprasentative of terrain conditions within the ~omplete span of climatic
chanpes typical of of the piven geographical area, Moreover, the existing
provirs grounds are beyond the control of the engineer as the tinming of
taste and atmospheric changes are difficult to coordinate with research
programs,

This problem suggests the necesoity for consiruction of artificial
coursea for vehicle tastihg which vould rrovide the necessary minimum
number of various terrain conditions under sirict controls; so any desired
snalog of terrain can be made availatle as required within the span of
critical surface conditions,

A study of this problem currently is being pursued by the Land Loco-
motion Research Branch of tha Reasarch and Development Division of the
Ordnance Tank-Autamotive Command, Tests performed by means of "miniature
proviﬁg grounda® (Figures 1 and 2) and artificial "s5ils*(14.clearly
indicate that in order to have a full picture of the vehicle performance
within the whole spectrum of terrain chs—gns in the given arex, it ia
nacesasary to reproduce from three to five soil conditions, Only vhen
testing vehicles within that spectrum, a camplets relative order of merit
may bas darived and proper generslization of tests performed made possible,
Ttis 18 shown in Figure 3 graphically, Vehicles 1, 2, and 3 perform in a
different way in different conditions over the same terrain., Thus what
rmay be the best in proving Qround A may be the worst in proving Oround B
or the same in proving Oround C, However, when strictly dsfining soils

and their ralative place in the spectrum of noil changes, it in pcasible

to ootain a generalised picture of psrformance showmn Wby a complste curve

12
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of parformances undsr the considered conditiona, Such a picture 1s not
aveilabls todxy becauns of vehicle tagting urdar unspacifiod conditions
vhich eannot be¢ proporly located within ths envirorment tpocﬁrm\.

Invontigations performed indicate that in order to reproduce a
terrain snd its conditions and to allocates Lhs rropor spile In tha e
cuszed spectrum, ona wust 1dentify pertinent so0il propertien. The land
Locomotion Research laboratory has developsd a e0ll wvalve system whinh is
baing ured 10 eolve a greet variety of deamign and performance avaluantion
groblems,

Trs Aavelorment f this syeten elso has enabled the Lahoratory to
originats & genersl siprosch to the mecihunmies of land locomotion vhizh
has l2d te ths establistment ol « number of equetiona, Thess equrationms
enable tha resesrcher to ccapute perforxance matrices when the proving
gronrd data 15 vot amiladle (11,15) Althergh the equaticua in quentien
must, bs iemreved, theyr present & fair ordar of erproximaticn and provide
genoral mathematioal models of verious phenomans pertaining to loecrmotiom

wvit). onconrezing dagrees of inzight and gomerelite,

A 241 ¥rlnn Opctem
An daseribed in datail in(31)and [15),the Land Locomotion soil v-luve

ryetan in componed of tha follewirg masswreng

Straneth Tilres Doforration Valrvas
Priction ¢ Sirkaon S)irpecs
Cohasion o THELIe % kg LipomemtarKyFa
Prponemby B

Maagiramend of thets valnse by meana of existing eaalpsent (Pizvrwe b and §)
srahle one to dallas sirdictly the phreical eharastarintics of »oll vnder

16
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any moisture condition or snow at any temperature. With high moisture
contents, the soil no longar exhibits plastic behavior. Viscosity then
becomes the pertinent mud paramster. Figure 6 shows aa example of the
changes 1a soil consistency described in terms of kqy kg, n, © and #-
values by an addition of 3% moisture content while Pigures 7, 8 and 9
show typical characteristics of a snow cover in Northern Michigan des-
cribed in similar terms. With these values it is poasible not only to
reproduce the desired soil condition by using artificial masses(1,), but
also to establish with a reasonable acsuracy any desired equatious which
determine vehicle performance or design parcmetsrs.

Bquationa | of Performance

The development of applied mechanics of land locomotion 4s in the

state of infancy. RNevertheless, a number of equations so far developed
seen to indicate unlimited potentialities of this approach and produce
more general answers than empirical methods., Detailed derivations and
bases of these equations of vehicls parformance have been shown else~
where (11, 16, 17). Ip this paper only a general discussion of
Jimitations and practical validity will be given,

Sinkage 3 of tracks may be expressed by means of the modified
Bernstein formula assuning a uniform load distribution and rizid type
suspension,

P Ve
z= ( ko/b ¢ kg ) ceecreneal

19




-0 L
o XY

e ——py
09°0 9

R

$61 - INILNOO FUALSION

I3-O'R

N e

9 2NOIL
1o u
» Y
() 3]
650 J

o u
st 2y
et ——py
sto —— 0
o ¢

WY IO Nl S Ao . e ors

Aoy » OPAL « Duwen




FIGURE 7

Ay - OTAC - Dowen

2l




S s et T SR IR ST TS Vi T2 S % e eSS, Sy

e~ o L0 A P . e A STttt e

e e i e+ st o i - e S g

| T I Wi i e g

-~ ]

Ay < OTRA" < Tvente

22

FIi0URR 8




v g

T o A i . g, £ e e S Aot 1, Tt e

FIGURE 9

LR L2000

Nwy s OTA

23




s 4 ¢ o s

Whers, p is the "ground pressure” and b 4is the width (smaller dimension)
of the loading area, If vehicle weight W 43 used then

v 1a
te 24 (ke 4 vky) e s e ee 2

where L 1s the langth (larger dimension of the loading area). The
sccuracy of this equation h~w been checksd repeatedly and is quite
satisfastory. .Any error depsnds on variation of soil data k,, l‘, and
n rather than on other factors involved.

To obtain good correlation between the experiment and computation,
the frequency distribtution of soll data over the neasured area is necessary
and the selection of a mean value is advisable,

Sinkage of wheels, When considering a rigid wheel, a fairly accurate
prediction of s may be odtained from the following equation:

$1)
- M.
z [ (ket bXg)(3-n) /D I

00.....0003

This equation aleo applies in a first approximation to conventional
mmeumatic tires and to soils whose bearing capacity p expressed by the

.roﬂnh:

’:1'3°'Q+°‘6rr .KP‘ ..ocoooo‘

Af the safe ground pressure or desring capacity, p
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is smaller than tire inflation prcssure py. In such soils even a low
pressure tire will behave practically 1ie a rigid wheel, In eguation
by N, and t'.'r are bearing capacity factors. Their values miy be found
for giver soils in references (11, 17}, x is the srecific weight of soil
which may be assumed, in most 1ses, ~3 equal to 0.05 lh/cu, in,,; r is
the radius of the ground contact area whiLh is nssumed, in the case of
conventional tires, to be almost circular in shape, If the tire is
narrow and large in diameter, the contact area will be rather elliptical

and the bearing capacity of such an area should be expressed by equation:

ps 0“3*0.9‘\)“, .....'......5

where b 4is the width (smaller axis of the ellipse) of the print,

If p 1is greater then pt,then equations 1 and 2 give a better
approximation of tire sinkage, However, utmost caution and good judg-
ment in sinkage evalvation is recommended because inflation pressures
which are close to the bearing capacity of .t.he ground present a rather
wide band and the expected values may ve obtained by intarpolation
between results obtained by equations 1 and 2,

More general and possible more accurate methods of sinkage evaluation
o. pneumatic tires are under the develojmert by the Land Locomntion
Researsh Granch, and it 13 hoped that the unavoidable degree of
arbitrariness in the interpolation will be scon eliminated,

Sinkage of flat uniformly lJoaded footing resting on a thin layer
of plastic soil supported by a firm stratum may be evaluated from

25




ecuation:

h.../.’. Béi
2 d 00000000006

whoro/ is the shearing strensth of the layer equal to eochesion ¢,
and h 1is the camrnressed thickness of the iaver which will snpovort load
W presting on a strip b inches wide and .e inches long.

The sinkare of a wheel or track reruires work for soil compaction,
This work results in a s0 enlled comniction resistance which is one pore
tion of the general resistance in motion,

Comme~tion Resistancs of a flat, ripid, and uniformly loaded

grov:d eontact area of a trick or low-pressure nneumatic tire may be

arproximately exnressed by:

1 W (n¢1)/n

j/u l ERPTIRY {

Rc:

(n 4 1) (kot bkg¢)

Compantion resistance of a rigid wi.-~) 1s expressed by formula:

. (2n 42)/(2.:21)

R‘. e
(1) (ke gobky) VB4V S

Por onsumitic tires applied to the bordering conditions of p aprroximately
equal to | 7 resistances must be evaluated in accordance with previous

remarks related to sinkare,

In addition to compaction resistance which is in moat cases the main

26

L M 4 e ek i A 5 S e

R T e R

w2 et




portion of total motion resistance, the bulldozing resistance may also
be considered. The present equation, based on passive earth pressure,
is not quite satisfactory ae it contains a number of over-simplifying
assumptions (11), This is particularly true with reference t0 the rigid
vheel or pnewmatic tire, However, for th® sake of comparison, the

following equation may bu used in an estimate of bulldozing resistance:

sin (o 27 ¥+2(90-
nb-;'!.m"‘—“% Elclo + ‘lz" + 5:0 l) +

o2 + ot2 tan (15 + )

R
where
Ko® (N, - tan ¢) cos? ¢

Wt i

ol is the "angle of approach" of the track or wheel and ¢ may be

determined from:

= s tan? (S 4 §) S |

The "angle of approach” of a wheel or tire is normally assumed as the

tnélo of slope of a line connecting the lowest sunken point of wheel

F44




circurference with the joint made by the intersvction of the wheel
circunference with the prourd surface, 2z is the sinkage evaluated by
means of equations 3 or 4,

Although the R, and Ry values .s defined above may not express all
the resistance encountered (*1*1_)_ exrerience so far gained indicated that
they offer a fair pilcture of vehisle capabillity. As this picture appears
to be more rational and comprehensive than the evnirical indices pre-
viously tried, it his been nften used in vehicle evaluation,

Drag K, of wheels ard tracks cperatirg in a half fluid mud resting

on a hard bottom can he determined from equation:

adLAcd(P:!':‘z) 0000030000012

where Cg4 is drag coefficlert, P dersity of mud, v speed and A the
wetted irea (19),
The maximum pei thryst avaiiable in the ground 1s exprszzel by

Coulomb's equation containing a correction for the action of spuds or

treads

Ruax ® bl0(2 ¢ 2.%‘)¢ W tan # {1 40,64 (E)oot"-(g)]- ..

where, as above, b 13 the smalier md'z is the larpger dimension of the

P e S e e e s

ground contact area assumed, in a first approximstion, as a rectangle,

h is the heizht of the spud or tread, and W 4s the load resting upon the

B A
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area under consideration,

Thia equation is quite accurate: numerous field and laboratory
tests have shown that it tends to give values approximately 58~10% lower
than those measured, The above is explained by the lack of correction
for grouser spacing which might complicate equation 13 beyond the
range of its usefulness,

Fquation 13 applies to both tracks and wheela. The values thus
obtained determine only maximum thrust ivallable in the ground under
assumed conditions at an optimum slippage. To obtain thrust at any de-
sired slippage which may occur in vehicle operation, snovher formula
18 needed within the desired order of approximrtidn(1l) ¢

H‘Zb(c+phnjl .“"2*“‘2 -1) K 1l -

K40 Ymax | - Xp ¢\/K% 1

_ _ol=Fe - V2 -1)"11011;]
“H - VA1 J

-oooaoooll‘

where K, and K, are slippage parameters; i, is slippage in £.Y,.. 1is
the maxirum of the function:

yrol W2 -1 KL AR,

and p 4s the "ground pressure” which 1s assumed to be unifcrmly dis-
tributed. However, a grarhical method developed by Weiss (20) enables

29
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oie to determine H as a function of slippage /o which may be used fo.
uni form or non=uniform load distributicn,

Tests performed in snow with the purpose of predicting drawbar pull
versus slip of a number of vehicles have shown quite satisfactory results
at low sinkages(20), Por high sinkage, the Nrswbar pull, DP, may be deter-
mined if from H-values, equations 13, 1, the motion resistance, R,
equations 7, 8, 9, 1s subtracted;

wg""(nc 0%)..........-..15

Thus the Zgoefficient of traction,® DPAM, corresponding in concept to
the dn,-;ag_tt ratio, generally accepted as one of “he broadest exponents

of vehicular performance, may be expressed in the following form:

P

L (ne Q) 4bk

R a7 =

kcibk‘

i/m
sin(ct ¢ #) Po
R 2peinct con g | 2% & (f{} bk ) ]

........16

In equation 15, the Ry, value of equation 9 has been introduced
without its last three members as the error thus allowed appears to be
smallsr than the over-all accuracy of the proposed solution. That
solution compares fairly uqll vith reaults obtaired experimentally for
tracks, In the case of wheels, it is definitely less accurste on account

of the phonomena discussed in connection with equationc 1, 3, L, 7, and 8,
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The change in performance of a wheel following the rut of the proceeding
wheel also has not been considered, Utmost care must be given to the
evaluation of soil bearing capacity in order to destermine whether a
tire behaves like a "track" or 3 rigid wheel,

Trpical curve of DP/W for variws single tires and th-oee types of
soil consistencies illustrated by photographs located close to the
corresponding k =°(ks/d ¢ kg) values is shown in Figure 10, Curve for
two complete vehicles is shown in Figure 11, From graphs of this type,
ary DP/W performance figure may be correlated with the given terrain
in a DP/W matrix,

3imilar curves may be camputed for the whole vehicle. if the loads
W acting upon driven and driving axles are known, Idling wheels will
then produce only resistance (Ry/W) while the propelling wheels will

supply net thrust (DPW)q = [(H - B)/‘h’] de Hence the total DP/W value
will be:

5= (M);n
eds o 0 o0 s o 17

The main prodblem in such computations is to kiow the ki,kj and n' values
WHICH EXIST IN THE RUT MADE BY front wheele or tracks after they cross
a virgin ground characterized by k., k¢, and n valves, Changes in soil
taking place under such circumstances are being investigated by the

Land Locomotion Research Branch, OTAC, However, it has been found that
for the purrose of rure comparison, an assumption of all the wheels

crossing the undeformed soil also produces gquite reliadble results,

n
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terrain 12 known from eqmationa 7, 8, and 9, Aesuming thet engine power
ie |7, trenerissicn lospas Q, he maxirum spead doreloped will des

'U'm' R

ceocscoonc ol
Feeover, 1L speed 18 Coteriired by the throttling of the engine vith
the prrpose of avviding exccesive vibrations mrer W ronzh terrrin snd aot
ty ths mexizw of terimtancs, then tha dstermination of snch upeeds wust
be purfermad in accordnneos with o.thodox autom~tive enpinesring procead-
wren deomydidef An mlcvente 11 or throngh the elrmlation of veMicle
vilratienn by means ¢l an mmaleg corputer arsoming certain criteris of
rices "voalrrt*{1l]l Te this end, the geomsiry of the groo A surfaco and
ite encrry rrocirem (2%) smest ba kpowm. The Land Locomotion Research
Iahoratory 18 erwased in & study of this problem (22). Typical grephs
relating nltea and darmso erpliteds end epaed to ths particular terrain
drnve® L3 given in Pigcrem 12 ard 13 as computed in ralerencs 22. Upen
Getarmining the epeed-remimbance mati,x, 3 fra) roncvention xatrix mey
be artabiisiwd for the glvem terrain {oilowing well estehlished
procsadinres described L yefarence 11, Knowing the distances ard tank

capacity, tha reigo of action matrir also mey bs autmatically defined,
. The qmration of ehetarale nerformenes doss not pressnt difficmlty

oneg the goaratry of 2bilaslew 19 knem and thelir dlstribution asemed
(11,23% Defiriticna axd passability of penetradble obstacles sre uvemally

axprezeed i termz of Mmensions pertsiring to cbetacle gemetry, It

pLN
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ma; be mentiored that negotiable slope mitrix is given by DP/! matrie
which in prineiple expresses the tangents cf slopes accessible to the
vehicle. Impenetrable obstacles which will affect averaye spueds be.
cause of the necessity of by-passirg them have been discussed i1 ref-
erence 2,,

The discussed method of rerformance evaluation is bised on the
krowledge of physico-geometrical terrain properties and enibles one Lo
‘determine any type of composite performance, for instance,fuel consumption
per ton mile, momentum of load x speed (cargo delivery rate), actual
fuel consumption in no-refueling area when fuel hae to be carried in
a convoy, cost per ton mile, etc., as was demcnstrited before,

Samples of this typé of evaluations are given in Anpendix I, in a
general form, and in specific numerical examples, Avpenuix II gives
an example of another oparational evaluation of mobility of a hypo-
thetical family of rigld wheels with a number of parameters changing
within wide limits in various soi' conditions ranging from very strong
to very loose.,

It is apparent that this type of mobility evaluation requires
enorﬁoua amounts of canputations. To this end, electronic comyuters
are of irreplaceable value because even in the cases of most complex
terrain characteristics, value matrices may be programmed with relative
eass and may be obtained cuickly while changing wcather parameters ’
for instance (which 1s immediately fed into computers by appropriate
e, 8, kg» Kgs 0y Kyy K, values), Himilar chirges in vehicle louds or
gecmetry may be introduced,
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Tests performed by the Iand Locomotion Research Branch with the
anai stance of the Computer Section of the Ordnance Tank-Automotive
Command encourages one to hope that upon further developing the land
locomotion mechanics and exploring the world soils much testing and
exparinentation with full sise vehicles will bs eliminated. Savings
in time and money would be enormous, Faster, cheaper and more flexidble
*proving grounds® programmsed in a high speed computer uay -definitely

replace the present test tracks to a large axtent,

This is one of the great potentialities of the propnsed method,
The simulation of enviromental and vehicle nonditions electronically
has been used extensively in aeronautical and naval engineering. It
appears only & matter of time that the same w’1l be used in land loco-
motion., To this end, however, more rapid progress in a systematic
study of the mechanics of soil-vehicle relationship is needed,

LONCLUSIONS
1. Mechaniocal Mobility of a motor vehicie may be defined as a

product of the operational optimisation of performance values within
the physico-geometrical content of ths soil-vshicle systenm,

2, Such an optimisation can be conducted in a nunber of ways
depending on the type of answers sought,

3. There is no single true definition of mobility but an infinite
nunber of useful definitiona,

Le A single method for the determination of such definitions can de
esta®lished and must be adopted in order to elimate the present ambiguit-
" 4es in modbility and design evaluaticn.
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5. The usefulness of that method is warranted by the established
principles of applied mechanics and operations research techniques,

6. The method is based on soil values measurudble in physico-
geometrical terms, and on vehicle performance matrices,

7. When determining the matrices of rerformance on the proving
grounds, the latter must be mclernirzed and adapted to the new requirements,

8, When using theoretical methods and mathematical models as
1llustrated in this study, there is no end to the possible improvement
of the generality and accuracy of procedures discussed,

9. Tris in recult demands a continuous develomment of the
mechanics of land locomotion,

10, The full developmment of this mechanics based on experimentally
verified fauts will lead ultimately to the more extensive determination
of vehicle mobility by means of electronic computers.

11, This will bring cnérnaun savines by limiting the full asize
proving ground testing and/or by eliminating the ebsolute necessity of
having ¢he "hardware" maiufactured before 1:sé preliminary value can be
assessed,

12, Thus the discussed concept of mobility will make possible the
econamic study of new unusual ideas whose develorment today cannot be
authorized because of nnproven merits which could be hitherto discovered
only by costly experiments,

13. The method illustrated here also enables one to study whole
funilies of concepts before any particular idea is sinpied out for

develomment ,
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RECCYRENDATION3

1, It is recummended that the develomment of land locomotion
mechanice and the introduction of orecrutions research technicues at
the design evaluation level be hastened, In particular it 1is recommended
that:

2. A single soil-value system b.sed on stress-strain measurements
in sliprage and sinkage be adopted without delay.

3. Terrain msasurcments and soil cataloging based on these
measurements be started immediately, and

Le MNew concepts be first evaluated theoretically by usiig the

proposed mobility definitions before develorment programs are established,
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APTENDIL L

GENERAL

In deciding which tyre of vehicle is hest in transnorting a rayload
¥, from a number of available tyres, it is recessary to know the eri-
terion on which bast i3 based. In one instance sneed miay be the cri-
terion, 1,01, the best vehicle s the one that will transport the pay-
load W, from its present location 07 to a new location Oy, in the
least amount of time, In other instar-es conservation of fuel or cost
may be the criterion. In still others the certainty that all of the
payload will arrive intact may be the criterion. 1i.e,, the vehicle
that offers the greatest chance for survival of the trin would be best,
Almost any standard may be the basis for deciding which tyre of vehicle
is best,

The abilities of the different tyres of vehicles, relative to any
criterion, vary with the terrain anc the trafficability of the soil
encountered, In the following discussion we will assume that the
trafficability varies primarily with weather copditinns. Ard it 1s
therefore possible to determine the best vehicle to use in trans-

i porting a given load over a designated distance, if we know the per=
fornance values of the aviilable vehicles for the various terrains
and weither conditions that are found in the area,

% The following notation will be used throuphout the discussion:

W3
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D
W
J
yy ¢

The distance to be traveled betwesn locations 0, and Cs.
The weight of the payload to & transported.

The jth type of vehicle, =1, 000, M
The yth vehicle of type §, ye1

The original 2ost of the jth wehicle.

The cost per gallon of fusl for the jth vehicle.

The weight per gallon of fuel for the jth vehicle.

The total arsa of terrain to e covered,

The ith terrnin under cliwmatic conditions k,
181,000 andkel., .Ke

The area of the ith terrain.

The probability of finding the kth climatic condition in the
ith terrin,

The epoed of the jth wehicle in land condition ik.

The range of the Jth wehicle in land econdition ik,

The gasoline tank capacity of the Jth vehicle.

The payload of the Jjth vehicle 4in land condition ik,

The life expectancy of the jth wehicle in land condition 4V,

The miles per gallon of fuel of the jth vehicle in land con-
dition 1k,

The maintainence cost function as a function of hours traveled,
The num er of liours traveled in land condition 4k,

The total numbder .of hours ruming time fer the Jth vehicls,
The are of vehicle ¥4 in running time nt.. the location 0,

The muintainence time rejuired per 100 hours running time for
the Jjth vehicle,

The time required for a major overhaul of the jth vehicle,

e etk ek e st e
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‘The time required for refueling the Jjth vehicle.

The num-er of refueling stops required for the Jjth vehicle to
traverse the distance D.

The weight of the required extra fuel per vehicle tu be carried by
the Jjth wvehicle.

The number of milea of land condition ik encountesred.

The total number of gallons of fuel required for the Jjth vehicle
to ‘raverse the distance D

The total fuei cost for the jth vehicle,

The cost per vehicle to move the jth vehicle from location
0, to O,

The number of vehiclas of typh J required {5 transpct the payload
W.

The cost to transport the payload W over the distance D by
the Jjth wehicle.

The delivery time for the Jjth vehicle.

The following performance data is giver:

Distmce to be traveleds D

Weight to be tioanaporteds W

Original Cowst: ey

Vehicle i i1 J | eee| M

Cost .I .II PN .J see .M

Fusl Cost per Gallons tJ
Vehicle 1 I YY) 3 see M
co’t tI tII (X X J tj [ X X} fH

AS
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Hiles peor Oallon: -ikJ

_vehlcle M f el { oo - T YY) i
Conditiony~! | ' '
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i
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Maintainence Tims per 100 Rours of Running Time: q 3

Yehicle I II soe J sve |

Hours QI ’II see Qe sae { N

Ti=s Raquired to Yafoeli: tf

Yehiecle b ¢ I YY) J Yyl X

.0‘!" 'I t!x o6 t‘ 'Y X ) t.

MCBILITY ACCORDING T0 T'ME CRITERION

Let time first be used as a criterion for choosiag thy most "mobile
wehiicle. It 1c assumed that thevre is an unlimited nusber of wehicles ef
each type.

The tims required to traverse the distance B, batwsen locations 0; end
o2 orsr the ares A, is dependent upon:

(1) the yunaing time,

(2) the yefueling time, and

(3) the maintainence tims.

The key to deciding which vehicle i1 dest is the numder of miles of
sach land condition dik snceuntered in the distance D betwscn locations
0, and 0y .

Gy ~
Once these distances dix are obtainel, the time follows directly from

_ Doy Py
X

then,
(1) The. rurning tiwe x‘ 18 found by dividing the distance te be treveled

51
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in esch terrsia d,, Dby the numder of miles per lour '1k1 averuzed vy the
Jth wehicle in that land conditioen.

Xy © D8y pyy 1 =  hours
/1Y)

Thia gives the pweder of hours of rumiing time x required to craverse

1k
each type of land comdition., %he sumsation of ali sweh land conditions

gives the total renning tim: x‘ requived to tvaverse the distance D,
] £
X, = Dag Pix = nours
- ixJ

(2) To find the refueling time divide the distance to de

traveled 1n esch land condition 41 5y the range ia each termin R

k ikJ3.

De, Py 1 « tanks

1 * L

1kJ

This gives the nuaber of tanks o7 Juel consumed in ench terizii. The
susmation of all wuch land ecnditions gives the nomber cf tanks of fuel

N+l pscessary to truverve the distance D.

LN S
el - 1 "1k - tanks of fuwel
- LR e

2inee the wehicle ntarts from the location °1 with the gaseline tank
£111e8, the nwmder of refuweling stops 13 N. Therefore the refueling

tim s
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thN s (tfj )Z Z; ikapik -l = hours,

Whers tr 5 is the time required for each refueling of the Jjth vshicle.
(3) To f£ind the maintainence time, divide the maintence time per
100 hours of ruaning time qy by 100 hours, ana multiply the result by

ths number of hours Ij required to traverss the distance D,

'Igi&" +“ mﬂ— g Z; Daypy = hours.l

TR V. Vixg

The sum of the preceding three amounts of time gives the total time
73 required to tranaport the pgylo-d W between the location 0y and 0y
by means of the Jjth type vehicle.

N

NI N K
Ty z D &4 pyy +'(th) ( &Py -1 )+
— — Ty O KRy
Y L

Or by combining the first and the last teim we get:

N K
AETER R );;— D &, pyy
= K1 Avik‘.’ L X

+(te,) Day Pix
b fr *

"1~ Ses Knnwx X
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Tha mininum of the TJ for J~1, « o« & s M, gives the best type
of vehicls to use in transporting the payloed W a dis{ance D, through
the area A,

MUBILITY ACCURDLNG TO CuST CRITERION

There are three major coste involved iu mrnnng a vehicle:
(1) The cost of the fuel,
(2) The depreciation cost, and
(3) The maintenance cost,

An in the case whers speed was the criterion, the diatancc:z d“

encountered in each land condition between O; and O, , are the basis
for calculating the cost.

(1) The fuel cost per vehicle is found by dividing the distance
to be traveled in each terrain d4) by the number of miles per gallon
mg) Attained by the jih vehicle ip that terrain,

Day Pix 1 .-  gallons
—_—T N =

This gives the number of gallons of fuel required to traverse each type

of land ~oniltion, The sumation of all such land conditions pives the
total rumher of gallons GJ required to traverse the distance D batween

locations 07 and 0Oy,

03 -
w gallons

oag¥

™

£y
=

Sk
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Then the cost of the fuvel FJ is
; N
i Fy =y
) i=1 k=1
Where fj is the cost of Lhe luel per gallor,

(2) To find the depreciation cost per vehicle, divide the
distance to be traverced in each terrain d,, by the life expect-

; ancy Likj of the vehicle,

; D ag pyy . 1 = Life expectancies //Q
| % " 1k

This glves the fraction of the vehicle 1life required tc¢ traverse
each type of land conditiona, The summation of all =much land con-
u% ditions gives the total fraction of the vehicle life expectancy

required to traverse the desipnuted distance D,

N K
}[: D ag Pyy - Total fraction of the life expectang
i=1 k=1
Then the cost due to depreciation is
N K
(o)) E Z Daypy, = 8.
T = Mgy

Where e, is the original cost of the jth wvehicle,
(3) To find the maintalnence cost, it 1is necessary first to
find the rurni-¢ time XJ required to cross the distance D,

The division of the distance Lo be traveled in earh land rondition




dy) by the number of miles per hour Vikj averaged by the jth veliiclo
in toat land cordition, gives the number of hours of running time

Xiky required to traverse each t_pe of land ccndition,

X4y = _E.;.Lp_il‘... o 1 = hours

Vikj

The summation of ali such land conditions gives the total running

time XJ required to traverse the distance D,
) M N X

— D a4 Pix
X, = Xik) = i = hours,
’ <) Z }: AT
1] -1 171 k=1
Now let us assume that the ages Xo , Yy = 1, ..4 ,

b 4
in running time at location ()1 of the type 3 vehicles are evenly

distributed between O hours and l.J--X‘1 houra.z Where L, 1is

J
the life expectancy of the Jth type vehicle, (We want to exrlude ary
vochicle thit will reach an aps egual to its 1life sxpectancy during the
trip. .0, X, < XJ should be leas than Lj for all Vehigien )

y
Then the average maintainence cost per hour of running time 1is

4 (LJ)
Ly

"™Mere g(LJ) is the cost of maintaining a vehicle for its entire life

axpeetancy, The maintalnence cost, then is just the average cost per

S‘L“

houpr

2 Gee Annex 11,
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times the nunber of hours XJ requirei te traverse the distance D,

g(ly) (X)) = g (Ly) X L = %
_rsl- j _:E_i___ Sr— ZE: aj p“
i-;f k=1 A vikJ

The sum of the preceding three costs rives the totsl cost CJ

of moving one of the type J vehlcles from location 01 to location

0z
o wf fe
C,m (fy) 5 Pik o Z 21 Pik /
s + :
I R~ e
N K
g(L,) Z 81 Pk
+ Z A Vi
LJ i=1 kel ‘

J 18 the number of vehicles of type J required to transport the
payload W,

Whero min wy is the payload that the jth vehicle can carry in the most
restricted land condition, And er is the weipht of the extra fuel that

each vehicle of the Jth type must carry,

Where GJ is the number of pallons needed to traverse the distance D,

HJ is the fuel tank capacity, and ¢) is the weight of the fusl per
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gallon,

Therefore Lue ol soLt 7Oy
D, betweer loc tiene L o
from 01 te up

1]

payload ',

’ Z Z
Am

- = 1)

J) ¥,

+

1=1 k

The minlmum of the TCJ for J

of movirg 2 rayloid

timas the rurlor of vehislea J

>

1

a distance

! Uy is the -~cat of moving cne vehicle

needed to carry the

N K
A Likj
i=] k=1

Da; pyy W
AV“‘J min Vi-WfJ

1, . « « y M, glves the best

tyre nf vehicle to use in transporting the payload W a distance D,

through the area A,

)




ANEL L

1, In general this expression for the maintainence time will hold
only for journeys with running time XJ less than 100 hours, For
funning times greater t.l'\an 100 hours, we must add a term that allows for
a major overhauling of sach vehicle evary 100 hours, Therefore for

XJ greater than 100 hours, the maintainence time is

q X AL U T T hours,
<o+ -+ Tw 1
Where Q, 1is the time needed for a major overhauling of the vehicle,

By combining terms we get the maintainence time to be

N K
U lag4 Q) = (g 8 ) Z Z Dai Pk = hours,
00 100 - AV
] k=
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2. To be completely correct here, it would be recessary to som-
pute the miintainence cost for each vehicle yj; and then to take the
sum of all vehicles,

Ie xo' is the age of vehicle Yy in running time at location
N1, then the maintainence cost for 7y is

B+ X) - 6K)

The sumation of all the individual costs gives the total maintsinenoe
cost assoclated with srossing the distance D.

CalE,+ %) - s(x,) ) =
"

Where J 41s the number of vehicles of type § required to iransport
the payload W,

J g W
Al 'i - th

It 13 felt that in most cases the ages xoy of the vehicles will
cloeely approximate an even distribution between O hours and
LJ - XJ hours, The assumption is made to facilitate comjutation,
And tecause ir man, instances the individual vehicle historlies may not
be available,

If the ages of the vehicles are known appraximately, sppropriate




B
J R

L2 . - S ——— T

modifications can be made, Consider the ease where all the vehicles

of type J are new, 1i,e,

xoy.‘.o yilpooo"’o

then the average cost per hour of running tire w.

_s(xy) .

J

FProm this point on the procedu. + is the same as in ov- original

assumption,
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KUMEIICAL mXAMPLYS

To illustrate the procedure, let us consider a hypothetical case,
Let the objective be the movirp of a rayload, weighing 96,000. pounds,
rom its presert locition Uy to a new location 0, 500 miles away,
Let the aren covered be a strip ten miles wide from 0y to O,, And
suppose thit there are four types of terrain encountered in the area:

By, & hard smonth surface with falr drainage,

By, & soft mmooth surface with fair drainage,

83, a hard medium rough surface with good drainage,
and B&, a hard rough surface with good drafruype,

The percentaye, of the total area, in eich of the four terrains
encountered is based on trafficabllity maps prepared in advance, For the
sake of the 1llustration, we will assume tht each tyre ol terraln has
three derreoes of trafficability which vary with the moisture content,
And the moisture content probabilities are rcurh eatim:tes based on the
numter of wet and dry mnnths in a year,

Wa will also ansume that we have two types of -ehicles from whi.h
to choose; one of them a tracked vehicle and the ~ther one a wheeled
vehicle, Tha performance data Zor thero fict{tious vehicles ars looanely
patterned a’ter a Cargo Vehicle M 76, tracked vehicle, ard a 2 1/2 ton
cargn truck,

Firat let us determine whick of these will reculire the least a~
mount of time %o trans-ort the piyload frem location Cl to 02. Ard

second dstermine which will cost the leist to trarsjport the payload

&2
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In the following data we will dencte the tracked vehicle by I

and the wheeled vehicle by II,.

The following performance data is givens

Original costs e
i Vthclq____'*.J__ I has
Cost $8,000 $4,,000
= - . © ———
Yuel cost per gallons 23
Vehicle b ¢ IX
Cost $.35 $.35
o
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Tuel weight per gallon: 3

Vehiocle

Weight

5.3 )b

5.3 b

Percentage, of the total area, in each type of terraim

Terrain Percantsage
B 3.8%
B 16,9%
> 55.6%
» 23,7%

6L

b o« vttt
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Probability of findiry land condition ik : ij
we " bry Intermediate wet |
Terrain (1) (<) (3)
Bl l35 o?s .’VO
B, 25 25 +50
BB o33 32 35
B“ 3 032 o34
Speed in miler pe: hour: Vi 3
cle I 11
mnrnin
L 30 50
Byn 5 50
813 22 L0
By 20 10
Do 18 | 5
823 15 3
B3y 15 8
By, 12 5
533 10 5
Bhl 10 3
BI*B 8 wg—"__..——'_‘:::.
65




Range in milass: Rikj

e I
B 11 200 350
B 12 160 350
# B 13 135 2820
By 200 175
B, 180 87.5
B 150 52.5
B3 160 262.5
I B 32 130 161
B 33 110 161
B 1 135 105
B2 135 105
B3 105 105
Gascline tank capacity: HJ
1 Venicle I II
Capacity 50 gal, 35 gal,

6%




Fayload in pounds: ”ikj

\%m;\ 1 11

Terra
By 3000 1b 5000 1b
By, 2500 1b 5000 1%
B 14 2000 1b 4000 1b
B 5 3000 1b 5000 1b
B 55 2700 1b 2500 1b
by 2250 1b 1soom}:
B 3 2000 1b 2500 1b
B 32 1600 1% 1560 1b

/ B 33 1500&: 1560 1b
B 41 2000 1b 2500 1b
B 42 2000 1b 2500 1b
B 3 1600 1b 2500 1b
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Life expr=t. rey of the vehlcle jr =lles:

Lixy

Vehicle
el i
By, 30,000 50,000
B 1o 25,000 50,000
B 13 22,000 40,000 T
B 5 20,000 10,000
B o 18,07 5,000
3 23 15,000 3,000
B 3 15,000 ”,000
B4 12,000 5,000
B 33 10,0¢ 5,000
B 1 10,000 5,000
B2 10,000 5,000
B .3 8,000 5,000

e
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Miles per rallons mlkj
Jchicle
Terrain ! 1

B 4y 4.0 10.0

B 12 3.2 10,0

B3 2.7 8.0

B oy 4.0 5.0

B 5y 3.6 2,5

B 1 3.0 1.5

B4 3.2 Te5

B 32 2.6 L.6

B 33 2.2 a6

B 11 2.7 L.6

; B 2 2.7 3.0

I 2,1 3.0

e et b e




Maintainence cost for the 1ife of the vehicle: gJ(LJ)

Ly = 1,006 Kours, for § = Y, 2.

|
Vehicle I 11

——y

Cost. $1,50 $ 1,08

Maintainence time ﬁr 100 hours of ‘running times q,

Yehicle 1 11

Rours 10 3

Time vequired to refuelt t.J

Vehicle h § 11

Hours 5 »25

P,




o

The time recuired For the Jth vehicle *o trans-ort the payload

a dist.nce U is piven by:

N K
Ty, e (143) Day Py _ 4
100 AV
ikJ
i=) k*1
N K b
+ (try) Z Day Pk - 1)
AR
i=l k=1 1k}
Therefore we must first find
D.i Pik
A
then we must obtain
N K N K
) b w5 ) e
A Vi . AR
ful  kal ) =1 =l 1)

for 4 = 1, 2, 3’ “-' k - 1, 2, 3., and J = I’ II. Cnoe thﬂy
are obtainad, the time required for the trip for vehicles I and 11

follows cuickly,

n
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P ™ W

Terrain 8y Py Day Pax
. S A,
By, .0133 6.7
By, .0095 4.8
By .0152 7.6
Byy .0L,22 21.1
Bas 0422 21,1
B3 0845 42.2
By .1835 91.7
Bya 1779 89,0
By 1946 97.3
By 0804 10.3 -
B2 0759 37.9
B3 0906 40,3
ZL 1.0000 500,00
- ]
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D Ai pik]
A Hik '
Vehicle 1 1T
Terrain
Bjy - ,033 019
By 056 027
| B,y .106 221
! Byy 117 1
By .282 805
Byy 573 o349
; By, .68 553
Byy 085 )
By . | .29 .38
L]
B, ,261 261
v B3 T ,384
Z‘: Z 3.729 3,862 = N4+1
. k=

(g




xik [

D&y Pax_
A Vax

x hours:

T N eien s e e -

F_““'\: 1 | m
Terrain

M 0222 o133

B, 190 <095

B4 345 .150

Byy 1.056 2,113

By 1174 4225

823 2.817 41&.085

Byy 6.116 11,468

Bya 7.413 15.792

Bys 9.720 19.460

Ba 4.029 | 8.058

B2 3.792 7.584

B3 5.036 8,058

z:’ g 41,920 93,258
| 1T

T4

S hours




Vehicle | I II

1, 9% X (14 1 )(61.92) .
(, ! )1, e (1442-)(93.26)
Hours 46,11 96,05

SN P

75

(b Da Py 1)
] s = M
i Vehicle I II
f, (eg N 503) .25(3)
}
; Hours 1.5 75

g e e e et e =




T - (14 9% )
S S i s

A Viky

(t[J) (

i1  ke)

+

D‘ipik "1)3

Vehicle I

II

'l“1 (hours) 47.61

96.81

Therefore in our illustration, when speed is the criterion, the

tracked vehicle is the best one to use,

The cost, per vihicle, involved {n transporting the payload a

distance D by the jth type vehicle is given by:

¢ N K X
¢y = (fy) Z: Z; Dagpy (o)) ZZ
= a x'm =]

8Ly ) NoX
+ R z; D 4 pyy
11 & i)

76
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D a4 Pik

A Lik 3
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Therefore in addition to

Day pyy

and

P

which we obtained in calculating the time, we must also obtain

S |
Z D &y pgy

I T x-“lkj

and e e s

Coe e s

. K .
‘-..' —
) g D <y Py
TS | o] ik}

tord = 1,2 3, b, ksl, 2,3, ad Jal, I,

- _vmmm-;"---
TS [

e



D ‘l plk s

A LI 3
Vehicle 1 11
Terrain
By 1.663 .665
B, 1.484 A5
b m——
By 14,083 27,167
E) N 29,649 12,232
By, 34,215 19.339
Bu 14,922 13,430
B2 14,045 12,640
E é 186,458 135,135
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In our illustraticn we have assumed that the vehicle life ex-

nectancy depends only on the running time, That is, the life ex-

prctancy is indersndent of the lind conditlon being traversed. There-
fore the running time X ; dividvod by the life expectancy LJ gives
the fractiocn of the vehicle 1ife required to travel fho distance D, ,

Hence we can replace )

"D a Pn" ) 3 .
by 21 |
A tkj CJ ,
i=z] k=] /

Fraction of the life expectancy: ) ‘ :
I

Vehicle ~ B ¢ B DD ¢ ¢
x ~ - f
oA 1,92 -} -_.93.258 . . |
L, 1006.00 1000,000 |

3 See Amex I1I.
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! D
(ty) 8 Pix :
w - A "lkj

Vehicle b ¢ 1T
(£,)6 35(186,46) .35(135.16)
Cost } 65.26 $ 47.31
(e Xy
L
3
Vehicle 1 Il
X
(o) 8000( . 04192) 4000( ,09326)
Cont $335.36 3 373.03
i
A
1=1 k=1 ikJ
Vahicle I 11
(1
_‘IT")""' 1.5(41.92) 1(93.26)
- Cest e 42,88 3 03,26
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o . J = A vikj
Venicie v I I : II
, J
The number of vehicles of the jth type required to trarsport
the payload W 1is given by:
J = L
nin w W
1 - fJ
wfj = (GJ - HJ)“J ]
Vehicle I 11 !
.. . . . T » ‘
(GJ - “J )uJ (184,46 ~ 50)5.3 (135.16 -3.95.3
8l
s
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J = W }
min wy wa
Vehicle I I
w . . . . .
linwi "Wf 6
-3 vkt o o= 53078 |
w .
win ey = Ve, 1.7 99.1
J 124 100
M, =~ CJ = Da, p X
veee (o) i Len
A
izl "k J
L A V nin Wy =W
J = 1kJ i 24
Vehicle I X
¢,J (163.50)124, (513.60)200
TCJ $ 57,476 $ 51,360 .

Therefore is our

wheeled vehicle ig

the best one to use,

1llustration, when cost 1is the eriterion, the
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Annex 1I1I1.

3, In gennral we would hava to obtain

Cptem

N | : D ai Pn
: A Lm
for aach land conditjor, and tiien summing them all up,

by finding

3
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Vehicle 1 11
Terra

By »00022 00013
By< 00019 ~00010
By 400034 .00019
By 00106 00211
By, 00117 004,22
By 00282 01,08
By, .00612 L0117
By, 00741 01779
By .00573 01946
B -004,03 00206
B2 00379 00752
B3 00504 .00804
—_Z;-_g 04192 09326
-

= fraction

n.



It is easy to extend the information thus obtained in calcuiating
the time and c6st required to transport the payload a distance D to
the following: '

(1) The amount of fuel needed to carry out the operation is G.

(2) The average operational speed is

51
for the Jjth type vehicle,

(3) The average running speed maintained bty the Jjth type
vehicle is

e ' X, .
' -t
(4) The delivery rate (i.e, the tons per hour) for the Jth
typs of vshicle 1e

L

J

(5) The fuel consumption per ton mile is

o]
—
'-wD

for tha Jth type vehicle,

These are only a few of the values that follow ismediately frem
the considered example,

RS
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APFPENDIX 11
SMRQLS
Y load on yheel, including whael weight

due to compaction

R rolling resistance § Ry, due to bulldozing
due to lateral drag

D wheel diasmeter
wheel width

-4

] length of rectangular contect area: s = Dsina
sinkage

ground pre.sure

sinkage coefficient

x o (3]

p = k2°
sinksge expunent

cohesive modulus of deformation

frictional modulus of deformation

:{‘r 3

puiling force or tractive effort

j=4
~

drawbar pull: DP £ H - R
A contact area
cohesion, psi
[ friction angle
Y soil density, 1b/cu. in,

*Tersaghl corstants,” function of #

r radiua' of eircular contact arear r ® %.(bq»l) for .;. =2 ’

functions of #

e
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MOBILITY OF A FAMILY OF RIGID WHEELS IN A SPECIFIC VARIETY OF SOILS

The probiem is to evaluate DP/W in various soils for various size
wheele and various loads as specified 1n. the t;xf;.'l In «::;nf.ormity a
with the prreviocusly outlined theoretical establistment of matrices
lot scme of the pertinent procedure be repeated for the sake of clarity,

1. Cont ; le of A
The contact ares is assumed to be the area deternined by
the irtersection ott.ho wheel with the plane of the surface, This
ares hes a length, 8, and & width, b, the Wheel width. Hence,

R |
\ Agnd ‘
b -‘

The ground pfauun, P, is assumed to be applied to this

area, no that ‘

A= W/P

The angle of approach of the wheel 1s Assumed to be the
angle between the surface and a line tangent to the Ml at the
surface, a8 shown in Exhibit B-1, Aéeord.ingiy, ‘

a = cos "l (1. 22/D)

seDoaoina

e 3w




DXHIBIT B-1

Assured angle of approach and contact length

e

X-D/z-z

-m(vo-.)-.’JLEhL. = cos a

a-oo"j“,l-ﬁ!)
s®2Dcos (0~a)®Dsina

np




2, Reasonable ‘heel Loaling

Altirough only ripid wheels are heinp considered in this
analysis, some attontion should be given to the magnitude of the load
asesumed for a wheel of given dimensions, A -uick method of estimite
ing this maximum load was obtained by plotting some data obtained from
the Goodyear Tire and Rubber Company (see Exhibit B-2), The product
of maximum tire width and diameter was used as an index ;:f load capacity
and the following .Appro_ximtion was ohtained,

1.26
- Db ¢
W 597 (220) (s)

The reader may wish to eliminateé certain combinations of wheel diameter,
width and loading on the basis of equation (5); however, this was not
done in the tabulated results,

3. Computin ocedu
The complete procedure used for eomputing tha drawbar mill
of a rigid wheel is outlined below, along with valuea of inruts usesd

in the simple culeculations,
a. Inputs and Val@ee Used

K 5, 15, 25

n 0.5, 1, 1.5

e 0, 0.5, 5

¢ 0°, 10°, 30°

D (for W &= 1000) 20, 50, 100
aq
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L (for V' = 300C, 5000)

b
Y
b, Procedure
. 2
. - W a——
1) 2 [ kb(3-n) 70" ]
(2) a = ces -l (1- 3%-
(3) swDsina
() A=
, B
W 2nt
(5) Ry = 2m-£ ) 5
(3on) 2T (go1) (k67"
(6) K, m (Ng = tan §) cos? ¢
(7 xys (H +1) cos? ¢
r Gt
(8) t = 2 tan? (45 - #/2)
in
(9 Rya —poinletd)
" el (70 =4) |
540 )
(10) Heu Act+ Wtan g

91

e e o o S 1 20

5C, 80, 100

Yoo Nruo given for

each valus of ¢

( 22K, * Yyi%kyr )

2 4 ct? tan(L544/2)
180

ORI i v 0



(11) P = H - d, = Ky
The equafions for -tecs (1) and (5) - (11} previously
discussed, . The equation for Ry, was simplified when it was discovered
that the thiid term contained 1 nrigorometric exrrassion equal fo

unity:

41+ tan? (45 + £/2) cos (L5+ #/2)= 1

L. Performance Criteria
In addition to drawbar pull, several other performance

eriteria are of interest,

a, Drawbar Pull per Unit of Contact Area

This is a measure of the efficiency with whizh the

contaet area is being used, It 1s obtained from the ratio DP/A,

Be Drawbar Pull per Unit of lLoad

This is a measure of the s)ope-climbing ability of
a wheel, It is of interest te see how DP/Y varies with wheel diameter

and vith approximate wheel volume (diamecer squared),

0, Relative Range Yheel
"The larger a truck, the larger its fuel tank,” This
is verified by the pressnt femily of military cargo trucks, as shown
by Exhibit B-4, Puel capacity can be ansumsd prorortional to gross
weight,
- Puel conmmption (gal/mi) 4e proportional ¢o rollirg resistancs,

Since range 13 emal to fuel capieity divided by fusl consunption, the

§2
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. ar - [

"relative rang~" of a vheel can be appraximated by the ratio of 1l: |
to rolling res{stance (fusl papacity per wheel assumed proportional

to load), Hence,

Relative wheel range = -ﬂ:ﬁ_ﬁg— (6)




EYHIBIT B=)

Fuel capacity ;f military cargo trucks as a function of gross weight

1“)-‘

i

i

Fuel Capacity (gal)

1o

Oross Weight (1000 1b) 20




This criterion only holds for families of vehicles which have fuel

capacities proportional to their kross weight.

5. Results and Conclusions
The procedure outlined in section 3b was used in making

some sample calculations, covering the values of inputs given in section
Ja, Jeveral thousand cnses would be necesesary in ordor to draw complete
sets of curves, Due t. the preliminary nature of this investigation,
the computing was held to a total of 576 cases, which was sufficient

to show trends and the relative importance of the parameters k, n, c,

g, D and W,

Because of the number of parameters involved, a great ..,
matrices would be required to show all possible relationships .etween
paramoters. The particular trend desired can be readily obtained by
extracting the appropriate numbers from computed values, As an example,
the effect of varying each parameter separately while holding the other
pwrameters at mid-range values is showm in Ixhibit B~5, Negative values
of drawbar pull are included to show tha trends throughout the rarges
of values considered,

No definite conclusions can be drawn from lxhibit B-5 because
it shows only one pomssible set of relationships, Howsver, the tre:rds

ird!z21ted can be followed vp in more detall by refererce to the

tab:lited data, For example, the advantape of low wheel louding sesm- ' -

told for all typas of eoil ard fcr all wheel diameters, Increasing

wheel diameter (at constant width) showa improvement of performancs

95
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EXHIBIT B-§

The affect on drawhar mll of a rigid wheel of varying each parameter

separitely while holdirg all other parameteis at in‘armediate values

(1b)

T
PSS Y

D
100
v
1000 s X
‘ D25

Orawbar

-

D
- 0 e (4 (] ’
os 50 10 / s
030 /

L]

fF °

0° J 5«0

96
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in all cascs. This 1llustrates the role of particular dimensions of
the wneerl in ite over all mobility,
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